Studies focused on the synthesis by intracellular parasites of developmentally regulated proteins have been limited due to the lack of a simple method for selectively labeling proteins produced by the parasite. A method has now been developed in which ricin is employed to selectively inhibit host-cell protein synthesis. Ricin is a heterodimer composed of two subunits, a lectin and a glycosidase, and it binds to terminal galactose residues on the cell surface via the lectin. Following endocytosis of the intact molecule, a disulfide bond linking the two subunits is cleaved, and only the glycosidase subunit enters the cytoplasm, where it inhibits cytoplasmic protein synthesis by catalyzing the cleavage of the 28S rRNA.
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Due to the loss of the receptor-binding lectin subunit, ricin cannot permeate host-cell mitochondria or intracellular parasites, and, therefore, protein synthesis within these compartments continues uninterrupted. This system has been used to selectively label parasite proteins from Eimeria tenella and Toxoplasma gondii by using the avian cell line DU-24. In these cells, mitochondrial protein synthesis was inhibited by using chloramphenicol. The use of the avian rhoO cell line DUS-3 provided an additional advantage, because these cells lack mitochondrial DNA. Therefore, those proteins radiolabeled with [35S] methionine/cysteine in ricin-treated, parasiteinfected rhoO cells are exclusively those of the intracellular parasite. This technique should be applicable for studying protein synthesis by other intracellular parasites.
To understand host-parasite relationships and to identify both developmentally regulated and constitutively synthesized proteins in the eukaryotic intracellular parasite, techniques that facilitate the study of protein synthesis and distinguish between parasite and host products are required. Proteins synthesized by intracellular prokaryotes in eukaryotic hosts can be identified by labeling cells in the presence of emetine or cycloheximide (1, 2) . These drugs specifically bind to 80S ribosomes found in the eukaryotic host but not to 70S ribosomes found in bacteria and mitochondria. However, in the case of intracellular protozoan parasites, this technique is not applicable, since host and parasite are both eukaryotes. To address this problem, Pfefferkorn and Pfefferkorn (3) inhibited host-cell protein synthesis prior to infection and analyzed the effects on growth of Toxoplasma gondii tachyzoites. This was achieved by using temperature-sensitive, host-cell mutants or by pretreatment with irreversible protein-synthesis inhibitors. Although inhibition of host-cell protein synthesis was achieved, incorporation of labeled amino acids into parasite proteins was low, and the host cells were viable only for a limited time following treatment. Another approach is to label infected cells and subsequently isolate the parasite free of host material (4) . However, this can result in a loss of some parasite proteins and contamination of the remainder with host cell products.
Antibodies have also been used to monitor the synthesis of specific parasite proteins (5) in a variety of species by using immunofluorescence, ELISA, and radioimmunoassay techniques (6, 7) . Although useful, this approach is limited by the number and specificity of available antisera.
The limitations of these techniques led to a search for a method to selectively label eukaryotic intracellular parasites. The toxic lectin from Ricinus communis, ricin, is a heterodimer that inhibits eukaryotic protein synthesis (8) . It is composed of a glycosidase A chain and a lectin B chain, which are linked by a disulfide bridge. The lectin binds to terminal galactose residues found on the outside of most eukaryotic cells. Once bound, ricin is transported into the cell via receptor-mediated endocytosis. The glycosidase dissociates from the lectin, possibly in the endoplasmic reticulum (9) , and is released into the cytosol. Without the lectin, the A chain cannot pass through a second membrane, resulting in its exclusion from mitochondria and intracellular parasites. The glycosidase catalytically inactivates ribosomes by cleaving the N-glycosidic bond of a specific adenine residue in the 28S ribosomal RNA (10) . As little as 1 ng of the toxin per ml can result in cell death (11) . The direct effect of the toxin is limited to protein synthesis, and although other processes are inhibited indirectly, there is no effect on energy metabolism or oxidative phosphorylation in the short term (11) .
Host-cell mitochondrial protein synthesis is not inhibited by ricin. It can be inhibited by chloramphenicol, but this drug may also prevent protein synthesis in parasite mitochondria and could affect other parasite functions. To circumvent this problem, the avian cell line DUS-3 was used (12) . DUS-3 cells, also called rhoO cells, do not have a mitochondrial genome and were selected because there would be no host mitochondrial protein synthesis in infected cells. The intracellular eukaryotic parasites Eimeria tenella and T. gondii develop in this cell line and were used as model systems for this study. The sporozoites of E. tenella, an economically important parasite of chickens, develop to first generation schizonts in the rhoO cells. Similarly, tachyzoites of T. gondii, a human pathogen, develop and release infectious progeny.
The work presented here demonstrates that ricin can selectively inhibit host-cell cytoplasmic protein synthesis, while having no effect on parasite protein synthesis. Furthermore, the use of rhoO cells as a host for these parasites eliminates any signal from host mitochondrial protein synthesis. The method should be applicable to many intracellular parasite systems.
MATERIALS AND METHODS E. tenella Parasites. Chickens were infected orally with 7.5 x 104 E. tenella LS18 sporulated oocysts. The unsporulated oocysts were harvested from the ceca 7 days postinfection, purified according to the method of Schmatz et al. (13) , and then sporulated by incubation at 29°C with continual agitation Abbreviations: FBS, fetal bovine serum; TCA, trichloroacetic acid.
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Proc. Natl. Acad. Sci. USA 92 (1995) 2389 for 36 h. Sporozoites were prepared from sporulated oocysts as described by Dulski and Turner (14) .
Host Cells and Parasite Growth. DU-24 (wild type) and DUS-3 (rhoO) chicken cell lines were a gift from R. Morais (Department of Biochemistry, University of Montreal, Quebec). Both cell lines were maintained at 37°C in Ham's F-12 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin at 100 units/ml, streptomycin at 100 ,ug/ml, 10 mM Hepes at pH 7.4, and uridine at 50 ,tg/ml (12) .
To initiate the cultures for labeling studies, 1.5 ml of a suspension of 5 x 104 cells per ml was added to each well of a 12-well plate (12-well cluster dish, Costar). As E. tenella does not develop at 37°C, the cells were maintained at 41°C for 24 h prior to infection and throughout the remainder of the study. Freshly prepared E. tenella sporozoites were added to the host cells (1.5 x 105 sporozoites per well) and after 3 h the infected cells were washed to remove free sporozoites. Fresh Ham's F-12 medium supplemented as before except that 2% heatinactivated FBS was added. The infected cultures were incubated at 41°C for a maximum of 48 h with daily medium changes.
The RH strain of T. gondii was maintained in vitro on human foreskin fibroblast monolayers as previously described (15) . Prior to infection of the avian rhoO cell line, T. gondii tachyzoites were purified from the host fibroblasts by trituration of the infected monolayer through a 27-gauge needle (three times) followed by filtration of the suspension through polycarbonate membrane filters with 3.0-,um pores (16 
RESULTS
The level of ricin used in these experiments was optimized by titration (data not shown). In the avian wild-type (DU-24) and rhoO (DUS-3) cell lines, 1.7 jig of ricin per ml was the minimal concentration required to achieve total inhibition of cytoplasmic protein synthesis after a 90-min exposure.
When wild-type, uninfected cells were preincubated with either ricin or emetine, an identical subset of newly synthesized proteins was labeled (Fig. 1) . This synthesis was inhibited by chloramphenicol, which is characteristic of protein synthesis within mitochondria. When E. tenella-infected wild-type cells were treated with emetine, the only protein synthesis detectable was mitochondrial; however, treatment of the same cells with ricin resulted in the detection of other proteins, presumably derived from the parasite. Ricin-treated, E. tenellainfected wild-type cells were then exposed to chloramphenicol, resulting in the inhibition of host-cell mitochondrial protein synthesis. The synthesis of parasite proteins was unaffected by chloramphenicol but inhibited by emetine (Fig. 1) .
When uninfected rhoO cells were treated with ricin, no labeled proteins were detected ( Fig. 2A) , as these cells do not possess a mitochondrial genome. However, when E. tenellainfected rhoO cells were treated with ricin, labeled proteins were detected, suggesting that this synthesis originated in the parasite. The parasite-derived protein synthesis was sensitive to emetine and resistant to chloramphenicol (data not shown). Infected and uninfected cultures labeled in the absence of ricin were indistinguishable, even on a short exposure (Fig. 2) . The Coomassie blue-stained gel (Fig. 2B) polyacrylamide gel electrophoresis of the samples was performed (Fig. 3) . Protein synthesis by control, uninfected rhoO host cells and ricin-treated, infected rhoO cells was analyzed separately (Fig. 3 A and B) and together ( Fig. 3 C and D) . Comparison of the panels showed that few, if any, parasite proteins comigrated with those synthesized in the uninfected host cells. Fig. 3D is identical to Fig. 3C , except that proteins have been labeled as host-specific (H) or parasite-specific (P) to identify the origin of each protein in the mixture.
Parasite-specific protein labeling was confirmed by direct autoradiography (Fig. 4) . Infected rhoO cells were fixed, stained, and photographed. The cells were then coated with photographic emulsion, exposed, and developed, and the same areas were located and rephotographed. By using this method, the areas of intense labeling (Fig. 4B) were shown to correspond to mature stained schizonts (Fig. 4A) . The appearance of the schizonts exposed to the photographic emulsion was not enhanced by the prestaining procedure (data not shown).
Extracellular sporozoites incorporated label in the presence of ricin, suggesting that ricin is not effective against the extracellular parasite (Fig. 5) . Extracellular sporozoites are not labeled in the presence of emetine, while chloramphenicol has no apparent effect, indicating that protein synthesis in sporozoites is eukaryotic in nature (Fig. 5) . Mitochondrial protein synthesis was not detected in emetine-treated sporozoites. E. tenella-infected rhoO cells pretreated with ricin were labeled at various times throughout the 48 h of schizont development. Constitutively synthesized and developmentally regulated parasite proteins were identified by comparing labeled sporozoite proteins with those of the developing schizont (Fig. 6) . In Fig.  6F , examples of differentially regulated parasite proteins have been indicated, and these are described in the Conclusions.
Results with T. gondii-infected, ricin-treated rhoO cells were qualitatively similar to those obtained for E. tenella-infected cells as shown in Fig. 7 . This demonstrates that the method can be extended to other intracellular parasites. The T. gondii proteins labeled in the presence of ricin could be distinguished from both E. tenella proteins and host-cell proteins (data not shown).
CONCLUSIONS
A comparison of protein synthesis in avian wild-type cells with protein synthesis in their rhoO counterparts when both cell types are labeled in the presence of the inhibitors emetine or ricin clearly shows that protein synthesis occurs exclusively in the wild-type cells (Figs. 1 and 2 ). The synthesis of proteins in the wild-type cells in the presence of the inhibitors is consistent with previous studies on proteins made within the mitochondria (19) (20) (21) . Further evidence to support this is provided by experiments in which chloramphenicol, a known inhibitor of bacterial and mitochondrial protein synthesis, abolishes the remaining incorporation into proteins (Fig. 1) .
Metabolic labeling of parasite-infected, ricin-treated cells resulted in the selective labeling of the intracellular parasites, as demonstrated by comparing proteins synthesized by infected cells with those synthesized by uninfected cells (Figs. 1,  2, and 7) . Both avian wild-type and rhoO cells are capable of supporting the intracellular development of certain stages of E. tenella and T. gondii; however, the rhoO cells offer a distinct advantage over the wild-type cells, since there is no host mitochondrial protein synthesis.
Visual confirmation of the selective labeling of intracellular parasites was facilitated by the use of direct autoradiography of labeled rhoO cells infected with E. tenella. As shown in Fig.  4 , when a field of infected cells (Fig. 4A ) was examined in a culture treated with ricin, the silver grains were located over the developing parasites, with minimal background labeling over the host cells (Fig. 4B) . By using the ricin/rhoO technique, it was found that intracellular parasite protein synthesis in E. tenella ( Fig. 1) and T. gondii (Fig. 7) was inhibited by the eukaryotic protein synthesis inhibitor emetine but was unaffected by chloramphenicol, a prokaryotic protein synthesis inhibitor. This confirms the eukaryotic nature of protein synthesis in E. tenella, as previously shown (22) . Theoretically, parasite mitochondrial protein synthesis could occur in the presence of emetine, but there was no detectable protein synthesis in the intracellular parasite under these conditions. It is not clear whether labeled parasite mitochondrial proteins are absent, below the limits of detection, or excluded from SDS/polyacrylamide gels. It is also possible that parasite mitochondrial protein synthesis is sensitive to emetine.
To confirm that protein synthesis seen in ricin-treated, infected rhoO cells was parasite derived, it was important to demonstrate that these newly synthesized proteins were distinct from those synthesized in the uninfected host cell. A comparison of proteins synthesized by infected and uninfected cells and separated on one-dimensional SDS/polyacrylamide gels (Fig. 2) shows distinct patterns of synthesis in the host and the parasite. Further analysis using two-dimensional polyacrylamide gels (Fig. 3) shows that the origin of each protein can be defined as host-specific or parasite-specific by comparing samples run individually with those run together.
During the development of intracellular parasites, proteins are synthesized and turned over at different rates. Some proteins are synthesized at a constant level in sporozoites and throughout schizogony. Examples of such constitutively synthesized proteins include proteins 6 and 7 indicated in Fig. 6F . Other proteins appear to be unique to the developing schizont (Fig. 6F, proteins 1-4) or are synthesized at specific times during schizogony (Fig. 6F, protein 5 ). This type of analysis can be performed on intracellular parasites only if a selective inhibitor of host-cell protein synthesis is present and serves to underscore the utility of the ricin technique. The twodimensional polyacrylamide gels also demonstrate that many of the labeled intracellular parasite proteins comigrate with those labeled in the free-living sporozoite. This indicates that the majority of proteins labeled in ricin-treated, infected host cells are synthesized by the parasite and not by the host cell in response to parasitic infection.
As ricin inhibits host-cell protein synthesis, it was expected that ricin would also inhibit protein synthesis in the free-living parasite; however, protein synthesis in E. tenella sporozoites was unaffected by ricin treatment (Fig. 5) . The trilamellar membrane, which surrounds the sporozoite, may exclude ricin from the cytoplasm. Alternatively, the terminal galactose receptor or the receptor-mediated endocytosis portion of the ricin-entry process may be absent or quiescent in this stage. Another possibility is that parasite protein synthesis is resistant to ricin, as has been shown for the protozoan Tetrahymena (23) . If protein synthesis in Eimeria or, as postulated by Wilde et al. (23) , in the protozoa in general is resistant to inhibition by ricin, these differential drug sensitivities may be useful in the design of future antiprotozoals. As with the intracellular parasite, mitochondrial protein synthesis was not detected in the sporozoite in the presence of emetine. If there is synthesis in this compartment, it is below the limits of detection by our methods.
In conclusion, ricin selectively inhibits host-cell cytoplasmic protein synthesis and facilitates selective labeling of proteins synthesized by intracellular parasites. It has been used to selectively label not only E. tenella and T. gondii as shown here, but also Theileria parva in infected lymphocytes (M.J.C., unpublished data). The method can be used to identify stagespecific and constitutive proteins and should be generally applicable to many intracellular parasites. Host-cell mitochondrial protein synthesis can be inhibited by chloramphenicol. When appropriate, the use of host cells lacking a mitochondrial genome provides an additional advantage by eliminating the need for inhibitors of mitochondrial protein synthesis.
